B
ronchial asthma is a chronic inflammatory disease of the bronchial airways orchestrated by type 2 helper (Th2) T cells and their secreted cytokines (1, 2) . Although the pathogenesis of bronchial asthma is not fully understood, studies have shown that innate immunity is involved in the activation and recruitment of cells that are important for the development of allergic sensitization and inflammation (3) (4) (5) (6) .
Mast cells accumulate at the site of Th2 cell activation and are the primary initiating cells of immediate hypersensitivity reactions, acting by the release of chemical mediators after cross-linking of IgE receptors by Ag triggers (7) (8) (9) . Mast cells also have been identified as key effectors and regulators in parasite and bacteria defense mechanisms (10, 11) . In addition to their role in inflammatory reaction, mast cells can contribute to the regulation of specific immune responses. Mast cells influence the differentiation of naive T cells toward Th2 cells (12, 13) and B cell activation and development (14) . The role of mast cells in murine models of asthma has been demonstrated primarily based on studies in mast cell-deficient mice (15) (16) (17) .
House dust mites (HDMs) 3 are the most prominent sources of allergens causing allergic rhinitis and asthma. In vitro studies have shown that HDM allergens affect a variety of cell types, including bronchial epithelial cells (18) , mast cells (19) , T cells (20) , and B cells (21) and can activate both the kallikrein (22) and complement systems (23) . We showed recently that alveolar macrophages (AMs) are sensitive targets for Dermatophagoides farinae (Der f), one of the major species of HDMs implicated in allergic asthma (24) . These in vitro properties of HDMs are thought to be associated with their allergenicity. However, little is known about the biological sequelae of inhalation of HDM allergens that results in allergic sensitization. Because the airway mucosa is composed of multiple cell types that are known to be affected by HDMs, we surmised that the cross-talk of these cells must represent critical elements in the control of the initiation of allergic sensitization. Our data demonstrate that Der f rapidly activates mast cells in vivo in a non-IgE-mediated process after intra-airway instillation, which is essential for the development of allergic responses. In addition, mast cells are capable of producing multiple cytokines, including those with proinflammatory, chemotactic, and lymphocyte-modulating activities in response to Der f stimulation, which not only promote chemokine expression of AMs but also enhance the proliferation and Th2 polarization of naive T cells.
Materials and Methods

Reagents
Der f (1 g lyophilized whole body extract in ether; Allergon, Engelholm, Sweden) (25) , OVA, or LPS (Escherichia coli 055:B5; both from SigmaAldrich, St. Louis, MO) were dissolved in pyogenic-free isotonic saline, filtered through a 0.22-m filter, and stored at Ϫ70°C before use. LPS concentrations of the Der f and OVA preparations were Ͻ0.96 and Ͻ1.92 endotoxin units/mg, respectively (Limulus amebocyte lysate test, E-Toxate; Sigma-Aldrich).
Mast cell line and generation of bone marrow-derived mast cells (BMMCs)
China). Briefly, the mice were killed with an overdose of sodium pentobarbital (Nembutal; Abbott Laboratories, North Chicago, IL). Intact femurs and tibias were removed, and bone marrow cells were harvested by flushing with HBSS. The cell culture was established at a density of 3 ϫ 10 6 cells/ml in RPMI 1640 medium (Life Technologies, Grand Island, NY) supplemented with 10% FBS, 1 mM pyruvate, 2 mM L-glutamine, 5 ϫ 10 Ϫ5 M 2-ME, 100 U/ml penicillin, 100 g/ml streptomycin, 50 U/ml IL-4, and 20 U/ml IL-3. Nonadherent cells were transferred to fresh medium every 2-3 days for a total of 21 days to remove adherent macrophages and fibroblasts. The culture consisted of 98% pure mast cells, as assessed by toluidine blue staining. For the last 48 h before harvesting, BMMCs were cultured in the presence of IL-3 and IL-4 in serum-free medium (AIM V; Invitrogen, Carlsbad, CA). All experimental animal care and treatment followed the guidelines set up by the Institutional Animal Care and Use Committee.
Mast cell activation in vivo-mouse mast cell protease 1 (mMCP-1) ELISA
mMCP-1 is a protease specific for mouse mast cells and appears in the blood of mice after mast cell activation (26) . To monitor mast cell activation in vivo, groups of six BALB/c mice were intratracheally (i.t.) inoculated with Der f or OVA (50 l, 0.5 mg/ml), with or without an i.p. injection of sodium cromoglycate (SCG, 40 mg/kg; Sigma-Aldrich), according to the method previously described (25) . Blood samples were collected 30, 60, 120, and 180 min after challenge. After centrifugation, sera were stored at Ϫ70°C until assay for mMCP-1 (Moredun Scientific, Midlothian, U.K.) according to the manufacturer's instructions.
Allergen sensitization and assessment of blood eosinophilia and airway inflammation
Groups of six BALB/c mice were i.t. inoculated with five doses of either Der f or OVA (50 l, 0.5 mg/ml) at 1-wk intervals. Three days after the last challenge, the number of blood eosinophils was determined using a diagnostic reagent system (Unopette test 5877; BD Biosciences, Rutherford, NJ) with blood samples collected via the orbital sinus under light anesthesia. Mice were then killed and serum samples were collected and stored at Ϫ70°C until assay. Bronchoalveolar lavage (BAL) was performed (two washes of 1 ml of ice-cold endotoxin-free saline each) according to the previously described procedure (25) . The BAL fluids were separated (2000 rpm, 10 min) and stored at Ϫ70°C. After total leukocyte counting, differential counts were performed on cytospin preparations (2 ϫ 10 4 cells/100 l of BAL fluid) stained with Liu stain (Tonyar Diagnostics, Taipei Hsien, Taiwan) in a blind manner. For inhibition studies, mice were i.p. injected with SCG (40 mg/kg) 1 h before each Der f inoculation.
Immnuohistochemistry for detection of dendritic cells in lungs
Lungs were removed, embedded in OCT compound (Miles, Elkhart, IN), and frozen in liquid nitrogen. Cryosections were placed onto slides coated with poly-L-lysine (Sigma-Aldrich), fixed in ice-cold acetone, and incubated with Abs against CD11c (PE-conjugated, HL3) and CD86 (FITCconjugated, GL1) (BD PharMingen, San Diego, CA). The number of double-positive staining cells was counted in 20 fields around bronchioles in each of two duplicate slides under a fluorescent microscope (ϫ400, Leica DM IRE2 and TRB; Leica, Wetzlar, Germany).
Total IgE and Der f-specific IgG1 and IgG2a/2b
An IgE-specific ELISA was used to measure the total IgE Ab levels in serum samples using matching mAb pairs (R35-72 and R35-92; BD PharMingen) according to the manufacturer's instructions. A 450 readings of the samples were converted to nanograms per milliliter using a standard curve generated with double dilutions of mouse IgE isotype standard (BD PharMingen). For Der f-specific Abs, serum samples (1/5 dilution) were added in duplicate onto ELISA plates coated with Der f (20 g/ml in 0.1 M NaHCO 3 , pH 8.3). After incubation overnight at 4°C, the plates were washed and incubated with biotinylated rat anti-mouse IgG1 (A85-1) or IgG2a/2b (R2-40) mAb (2 g/ml; BD PharMingen) for 1 h, followed by washings and the addition of streptavidin-HRP conjugate (1/1000 BD PharMingen). The plates were washed and developed with a tetramethylbenzidine microwell peroxidase substrate system (Kirkegaard & Perry Laboratories, Gaithersburg, MD). Absorbance of the samples was determined at 450 nm.
Der f stimulation of mast cells
Mast cells (2 ϫ 10 5 ), either P815 cells or BMMCs, were treated with medium alone or with 10 l of predetermined noncytotoxic doses of Der f, OVA, or LPS for 2, 12, 24, or 48 h. Supernatants were collected, centrifuged, and stored at Ϫ70°C until assayed for IL-4, IL-6, or TNF-␣. After extensive washing, cells were subjected to RT-PCR as described below. For preparation of mast cell-conditioned medium, stimulation was performed by immobilized Der f, OVA, or LPS (100 l, 0.1 mg/ml) onto plastic wells at 4°C overnight. Wells were washed three times with PBS and mast cells were incubated in serum-free medium at 37°C for 24 h. Culture supernatants were collected, centrifuged, and stored at Ϫ70°C until used for stimulation of AMs and T cells. Der f concentration in the supernatants was below 0.01 g, as estimated by semiquantitative dot blotting with a serial dilution of Der f (0 -10 g) to produce a positive control. For inhibition studies, mast cells were incubated with Der f in the presence of cycloheximide (Sigma-Aldrich) or SCG.
Stimulation of alveolar macrophages
BAL cells were collected from BALB/c or DBA/2 mice, pooled, and incubated at 37°C for 30 min in culture plates to remove nonadhering cells. The adhered BAL macrophages (Ͼ95% viability) were recovered and resuspended in serum-free medium. To a volume of 0.5 or 0.75 ml/well, AMs (5 ϫ 10 5 ) were seeded in 24-well plates with the presence of 0.5 ml (50%) and 0.25 ml (25%) of mast cell supernatants, respectively. After a 24-h culture, AMs were collected for flow cytometry or RT-PCR. For inhibition experiments, AMs were stimulated with mast cell supernatants in the presence of the following reagents: mAbs to IL-4 (11B11), IL-6 (MP5-20F3), or TNF-␣ (G281-2626) (5 g each; BD PharMingen).
Stimulation of T cells
Autologous plastic-nonadherent splenic cells were collected, and splenic T cells were purified by nylon wool column separation. Single-cell suspensions of splenic T cells (2 ϫ 10 5 /100 l) were stimulated with PHA (1 mg/ml; Murex Biotech Limited, Dartford, U.K.) in combination with 100 l of mast cell supernatants plus neutralizing mAb to IL-4, IL-6, or TNF-␣ (5 g each). After a 24-h incubation, 0.5 Ci of [ 3 H]thymidine (Amersham Life Science, Buckinghamshire, U.K.) was added and further incubated for 24 h. Cells were then harvested, and radioactivity as cpm was determined by liquid scintillation counting. For T cell phenotyping, splenic T cells (1 ϫ 10 6 ) in 0.5 ml were added to 24-well plates coated with anti-CD3 mAb (10 g/ml) in combination with 0.5 ml of mast cell supernatants plus neutralizing mAb to IL-4, IL-6, or TNF-␣ (5 g each). After 96 h, cells were transferred to uncoated 24-well plates with 1 ml f fresh culture medium and cultured for an additional 48 h. The cells were collected, washed, and restimulated (1 ϫ 10 6 ) with immobilized anti-CD3 mAb (10 g/ml) for 24 h. Then supernatants were collected and levels of IL-4 and IFN-␥ were determined by immunoassay as described below. After washing, the T cells were subjected to RT-PCR for the expression of T-bet and GATA-3.
Chemotaxis
Splenic T cells and peritoneal macrophages were obtained by nylon wool column separation and peritoneal lavage, respectively. After washing, cells were resuspended in RPMI 1640 containing 0.5% FBS. A total of 1 ϫ 10 6 cells per 0.3 ml was placed in the upper wells of a 24-well microchemotaxis chamber (BD Labware, Franklin Lakes, NJ). Lower wells contained 0.5 ml of mast cell supernatants. After incubation at 37°C for 4 h, the cells present in the lower wells were counted using a hemocytometer.
Flow cytometric analysis
After 24 h of AM culture in the presence of the supernatants of Der fstimulated mast cells, cells were collected, resuspended (1 ϫ 10 6 in 1 ml of HBSS), and incubated with anti-CD16/CD32 mAb (Fc blocker, 2.4G2) followed by FITC-conjugated anti-B7.1 (16-10A1) or anti-B7.2 (GL1) and PE-conjugated anti-I-A d (AMS-32.1) mAbs (BD PharMingen) for 30 min on ice. After washing, stained cells were quantified by using FACScan (BD Immunocytometry Systems, San Jose, CA). Isotype-matched mAb-stained cells were used as a background control in all experiments.
RT-PCR
RT-PCR was performed as previously described (24) . Total cellular RNA was extracted from lung tissues, pooled AMs, or T cell samples (RNeasy Total RNA kit; Qiagen, Hilden, Germany) and converted to cDNA with StrataScrip H-reverse transcriptase (Stratagene, La Jolla, CA). PCR amplification (GeneAmp PCR System 2400; PerkinElmer, Branchburg, NJ) was performed on a 1-l cDNA sample. Amplification cycle numbers and annealing temperatures were optimized for each primer pair and PCR products were obtained within the linear range of amplification. To control for sample-to-sample variation, the amount of cDNA input to all samples was first adjusted to comparable levels of ␤-actin or GAPDH transcripts before it was subjected to PCR amplification. Gene-specific primer pairs (sense and antisense, respectively) were used as follows. TNF-␣, 5Ј-AGCCC ACGTCGTAGCAAACCACCAA-3Ј and 5Ј-ACACCCATTCCCTTCACA GAGCAAT-3Ј; IL-1␤, 5Ј-TCATGGGATGATGATAACCTGCT-3Ј and 5Ј-CCCATACTTTAGGAAGACACGGATT-3Ј; IL-6, 5Ј-CTGGTGACA ACCACGGCCTTCCCTA-3Ј and 5Ј-ATGCTTAGGCATAACGCACTAG GTA-3Ј; IL-9, 5Ј-CATCCTTGCCTCTGTTTTGC-3Ј and 5Ј-CGTCCCCA GGAGACTCTT-3Ј; IL-13, 5Ј-CTGCAGTCCTGGCTCTCG-3Ј and 5Ј-CTTTTCCGCTATGGCCACTG-3Ј; eotaxin, 5Ј-CCATCTGTCTCCCTC CACCATG-3Ј and 5Ј-ATCCCACATCTCCTTTCATGCC-3Ј; RANTES, 5Ј-GTACATCACCATGGCGTATG-3Ј and 5Ј-TCTTCTCTGGGTTGGC ACACA-3Ј; monocyte chemoattractant protein (MCP-1), 5Ј-ACCAGC CAACTCTCACTGAAGC-3Ј and 5Ј-CAGAATTGCTTGAGGTGGTTGTG-3Ј; MCP-2, 5Ј-AGTGCTTCTTTGCCTGCTGCTCATAG-3Ј and 5Ј-ATGA GAAAACACGCAGCCCAGGCACC-3Ј; MCP-3, 5Ј-ACGCTTCTGTGCCT GCTGCTCATAG-3Ј and 5Ј-GTAAAAATGGGGAAAGGGGGAGAAT-3Ј; macrophage-inflammatory protein 2, 5Ј-AGTGAACTGCGCTGTCAATG-3Ј and 5Ј-CTTTGGTTCTTCCGTTGAGG-3Ј; IFN-inducible protein 10 (IP-10): 5Ј-AGCGATCGGAGAGTTCAGAGGTG-3Ј and 5Ј-TTCACCCCAAGAGC CCAGTTTCA-3Ј; GATA-3, 5Ј-GAAGGCATCCAGACCCGAAAC-3Ј and 5Ј-ACCCATGGCGGTGACCATGC-3Ј; T-bet, 5Ј-TGCCTGCAGTGCT TCTAACA-3Ј and 5Ј-TGCCCCGCTTCCTCTCCAACCAA-3Ј; ␤-actin, 5Ј-TGGAATCCTGTGGCATCCATGAAAC-3Ј and 5Ј-TAAAACGCAGCT CAGTAACAGTCCG-3Ј; and GAPDH, 5Ј-GTCTTCACCACCATGGAG-3Ј and 5Ј-CCAAAGTTGTCATGGATGACC-3Ј. PCR products were electrophoresed on 2% agarose and stained with ethidium bromide. Bands were quantified by using densitometry analysis (Bio-1D; Vilber Lourmat, Marne La Vallee, France).
ELISA of cytokine levels
Concentrations of cytokines were measured by a sandwich ELISA technique using commercial matching mAb pairs, one of which was biotinylated (IL-6: MP5-20F3 and MP5-32C11; TNF-␣: G281-2626 and MP6-XT3; IL-4: 11B11 and BVD6-24G2; IFN-␥: R4-6A2 and XMG1.2; BD PharMingen). The reaction was developed as described above. Standards were run in parallel with recombinant cytokines. The detection limits were 7.5 pg/ml for IL-4, IL-6, and TNF-␣ and 15 pg/ml for IFN-␥.
Statistical analysis
Cytokine contents in culture supernatants and T cell proliferation values were analyzed by the Kruskal-Wallis test. The serum mMCP-1 levels, migratory cell numbers, cellular accumulation, and cytokine contents in BAL fluid and serum Ab titer were analyzed using the Mann-Whitney U test. Results are expressed as means Ϯ SEM. A p Ͻ0.05 was considered to be significant.
Results
Der f induces early phase mast cell activation
To examine whether Der f could activate mast cells in vivo, we monitored serum mMCP-1 after a single i.t. Der f challenge. A 6-fold increase in serum mMCP-1 was found in mice as early as 30 min after Der f challenge in comparison to naive mice (5.63 Ϯ 0.24 ng/ml serum vs 0.92 Ϯ 0.63 ng/ml serum, p Ͻ 0.05, n ϭ 6 mice per group, Fig. 1 ). Elevated mMCP-1 levels last for at least 180 min after challenge. Instillation of an equal amount of OVA showed no effect. An i.p. injection of SCG (40 mg/kg) 1 h before Der f challenge significantly blocked the Der f-induced enhanced in serum mMCP-1 by 50 -70%. Naive mice did not develop immediate hypersensitivity reaction upon Der f challenge (data not shown), thus the observed Der f effect apparently was not attributed to crossreactive Ab to other mite species known to infest mice.
Mast cell activation is essential for the development of Der f-induced allergic responses in mice
In agreement with our previous reports (24, 25) , repetitive i.t. instillation of Der f elicited blood eosinophilia, pulmonary eosinophilic inflammation, and elevated total serum IgE and Der f-specific IgG Ab productions in mice (Table I) . RT-PCR also showed that there was an up-regulation of IL-4, IL-5, IL-13, RANTES, eotaxin, and GATA-3, a Th2-specific transcription factor, in lung tissues (7.4-, 12-, 2.4-, 28.2-, 5-, and 2.5-fold to basal levels, respectively; Fig. 2A ). On the other hand, IL-10 was down-regulated (0.5-fold). OVA-challenged mice had a much weaker BAL cellular responses than Der f-challenged mice. Although OVA challenge up-regulated IL-5 to a level similar to that of Der f challenge, the expression of IL-4, IL-13, RANTES, eotaxin, and GATA-3 in lung tissues was much attenuated (6.5-, 2.4-, 18.9-, 2.2-, and 1.4-fold to basal levels, respectively). Furthermore, in addition to GATA-3, OVA mice also had enhanced expression of T-bet (3.2-fold), a Th1-specific transcription factor ( Fig. 2A) . To access the contribution of mast cell activation in the subsequent Der f-induced allergic responses, we compared the Der f challenge effects in mice with or without SCG treatment. SCG significantly blocked the blood and pulmonary eosinophilia and elevated IL-4 and IL-5 levels in serum and BAL fluids in Der f mice (Table I) . SCG also suppressed the expression of IL-4, IL-5, and IL-13, but enhanced those of IL-10 and T-bet (1.4-and 5.6-fold, respectively Fig. 2A ) and significantly reduced the number of infiltrating CD86 ϩ
CD11c
ϩ dendritic cells in lungs (24.9 Ϯ 1.5 cells/field vs 18.5 Ϯ 1.7 cells/field, p Ͻ 0.05; Fig. 2, B and C) . Nevertheless, SCG did not alter Ab responses. There were no differences in the levels of total serum IgE and Der f-specific IgG Abs in mice with or without SCG treatment (Table I) .
Mast cells produce proallergic cytokines after Der f simulation
We then further investigated how mast cells responded to Der f stimulation using the P815 mast cell line and BMMCs. RT-PCR showed that Der f up-regulated IL-1␤, IL-4, and IL-6 mRNA in P815 cells as early as 1 h after stimulation (3.8-, 2.6-, and 3.7-fold, respectively). A more intense expression of IL-1␤ (5-fold) and IL-6 (5.7-fold) along with an up-regulation of TNF-␣ (2.7-fold), IL-4 (2.6-fold), IL-9 (10.9-fold), and IL-13 (5.6-fold) was observed at 24 h (Fig. 3A) . LPS as well as OVA stimulation also increased the expressions of these cytokines except IL-9. To determine whether Der f stimulated cytokine protein secretion, we measured IL-4, IL-6, and TNF-␣ concentrations in the culture supernatants of mast cells incubated with Der f for 24 h in comparing with LPS and OVA. In response to Der f, both P815 cells and BMMCs produced IL-4 and IL-6, as well as low but significant concentrations of TNF-␣ (Fig. 3B) . LPS but not OVA induced IL-6 production of P815 cells. Additional experiments showed that both soluble and immobilized (plated-coated) Der f induced IL-4 secretion by P815 cells and BMMCs in a time-and dose-dependent manner (Fig. 4A) . Der f induced IL-4 levels as high as those obtained by stimulation with Con A, which has been reported to promote histamine, IL-4, and IL-13 release of basophils and mast cells (27) . Cycloheximide significantly inhibited the IL-4 production of Der f-stimulated P815 cells, suggesting that de novo protein synthesis was involved in the process (Fig. 4B) . Furthermore, treatment of SCG not only blocked the Der f-induced cytokine expression ( Fig. 3A) but also IL-4 protein production (Fig. 4B) . Although mast cells express a number of Toll-like receptors, including Tolllike receptors 2, 4, 6, and 8, and respond to LPS by producing FIGURE 2. SCG diminishes Th2-related gene expression and the number of dendritic cells in lungs of Der f-challenged mice. Mice were treated as described in Table I . After perfusion, total RNA was extracted from whole lung of each mouse and evaluated by RT-PCR (A) or frozen sections of lung were stained with mAbs against CD11c (PE conjugated) and CD86 (FITC conjugated) (original magnification, ϫ400; arrows, CD86 IL-1␤, TNF-␣, IL-6, and IL-13 (28, 29) , it seems that our observed Der f effect was not related to LPS contamination. First, the Der f preparations contained very low levels of LPS, Ͻ0.96 endotoxin units/mg Der f. Second, Der f-stimulated and LPS-stimulated mast cells exhibited distinctly different mediator profiles.
Supernatants from Der f-stimulated mast cells induce costimulatory molecule and chemokine expressions of alveolar macrophages and chemoattract T lymphocytes and monocytes
AMs and mast cells represent two prominent innate immune cell types in the lung, so we examined whether the Der f-induced mast cell cytokines would affect the function of AMs. Since maximal release of cytokines was found at concentrations around 10 g of Der f after an incubation of 24 h, we therefore chose an incubation time of 24 h for assessing the capacity of the mast cell supernatants on expression of costimulatory molecules and chemokines of AMs. Freshly isolated AMs were incubated alone or with supernatants from Der f-stimulated mast cells (referred hereafter as Der f supernatant). Fig. 5A shows that Der f supernatants of both BMMCs and P815 cells (50% concentration) up-regulated surface B7.1 on AMs derived from BALB/c and DBA/2 mice, respectively, by ϳ2-fold when compared with control supernatants, which could be blocked by neutralizing mAb for TNF-␣. However, AMs did not express B7.2 before or after the incubation with Der f supernatants (data not shown). Furthermore, Der f supernatants (both 25 and 50% concentrations) enhanced the expression of eotaxin, MCP-1, IP-10, and RANTES by 2-to 3-fold, but did not affect basal expression levels of MCP-2, MCP-3, and macrophageinflammatory protein 2 in AMs (Fig. 5B) . Der f supernatants also exerted chemotactic activity for both T cells and peritoneal macrophages, indicating Der f might induce chemokine production of mast cells (Fig. 6 ). In comparison, LPS but not OVA supernatants contained much less but significant chemotactic activity for splenic T cells.
Supernatants from Der f-stimulated mast cells induce T cell expansion and Th2 cell development
Since the Der f supernatants contained T cell-activating cytokines, we next examined whether Der f supernatants affected T cell activity. Compared with control supernatants, Der f supernatants (50%) elicited a stronger PHA-induced T cell proliferation after 3 days of culture (Fig. 7A) . Neutralizing mAbs to IL-4, IL-6, and TNF-␣ all effectively suppressed the proliferation. Next, we asked whether the Der f supernatants would direct the development of naive CD4 ϩ T cells. T cells stimulated initially with anti-CD3 mAb produced IFN-␥ but low levels of IL-4 after restimulation (Fig. 7B) . However, activation of naive CD4 ϩ T cells in the presence of Der f supernatants led to a considerable increase of IL-4 and a decrease of IFN-␥ production, indicating a Th2 polarization. Furthermore, these T cells as well as those activated in the presence of ionomycin-stimulated mast cell supernatants expressed GATA-3 ( Fig. 7C) but not T-bet (data not shown). This induced development of naive CD4 ϩ T cells toward Th2 cells was completely abolished by neutralizing anti-IL-4 mAb.
Discussion
Although HDMs are a major source of environmental inhaled allergens for allergic rhinitis and asthma, factors that contribute to the allergenicity of HDMs are poorly defined. In addition, increasing evidence suggests that airway inflammatory mechanisms contribute significantly to the pathogenesis of bronchial asthma (2, 30,  31 ). This has prompted us to explore the innate immunity to Der f, a major species of HDMs. In our previous study (24), we demonstrated an array of immunomodulation and proinflammatory activities of Der f on AMs. In this article, we further demonstrate that mast cells were also a target for Der f activity. Der f could activate mast cells in vivo and trigger P815 cells and BMMCs to express and secrete multiple proallergic cytokines in vitro in an IgE-independent mechanism, which in turn could mediate the cross-talk with AMs and T cells. Der f-induced mast cell activation was found to be necessary for the development of a full-blown allergic airway inflammatory response in sensitized mice. We assume that activation of mast cells by HDM allergens might play an essential role in initiating and maintaining allergic responses.
A previous study showed that Der f could induce mast cell degranulation in vitro (19) , and we also have observed mast cell degranulation after Der f stimulation (C.-L.C. and C.-K.Y., unpublished observation). To a great extent, we demonstrate that Der f could trigger the release of mMCP-1 in mice as early as 30 min after an i.t. inoculation, indicating an early activation of airway mucosal mast cells after an encounter with inhaled HDM allergens. Significantly, OVA, a prototype allergen, did not activate mast cells when inoculated in a similar manner. With regard to their proinflammatory activity to AMs and allergenicity in mice, Der f was found to be superior to OVA (24, 25) . In this study, we again observed that Der f challenge resulted in a more severe pulmonary eosinophilic inflammation and blood eosinophilia concomitant with a more pronounced serum IgE and Der f-specific IgG1 Ab response and higher IL-4, IL-5, and IL-13 levels than OVA challenge. More importantly, Der f mice exclusively expressed the Th2-specific transcription factor GATA-3, whereas OVA mice expressed both GATA-3 and the Th1-specific transcription factor T-bet, indicating Der f induced an exclusive Th2 whereas OVA a mixed Th1/Th2 response in mice. Interestingly, Der f challenge suppressed the expression of IL-10. The protective role of IL-10 has been reported in a model of allergic airway inflammation (32) . Thus, the decreased expression of IL-10 in Der f-challenged mice may represent a mechanism for promoting allergic response. Collectively, these data support our hypothesis that Der f contains certain properties that are prone to induce Th2 responses, which is probably related to its ability to activate AMs (24) and mast cells. Although Der f challenge provokes TNF-␣ in BAL fluid of mice (25) , considering the multiplicity of cell types that are able to produce cytokines and chemokines, it is difficult to determine whether Der f also triggered mast cells to release these mediators in vivo.
Since Der f could rapidly activate mast cells in vivo, we further investigated the role of this early activation on allergic sensitization and inflammation in the Der f mice by blocking mast cell activity using SCG, a mast cell stabilizer (33) . In Der f mice the allergic features were significantly lower or absent after the treatment of SCG, indicating that mast cell activation is essential for the expression of allergic phenotype and that mast cells might participate in early recognition of Der f in the lung before the development of specific immunity. Our data are consistent with that of a nonadjuvant asthma model in which mast cells have been shown to have a critical role in the development of allergic responses in mice (17) . It has been suggested that SCG can affect other cells besides mast cells (34) ; therefore, the observed in vivo events may not be attributed merely to mast cells.
In vivo activation of mast cells appears to be a critical step in the development of the Der f-induced allergic inflammation. It is known that mast cells store and release cytokines such as IL-3, IL-4, IL-5, IL-9, and TNF-␣ (35, 36) . Therefore, we further investigated the cytokine-inducing activity of Der f on mast cells. We demonstrate that Der f was able to up-regulate the expression and secretion of a variety of proallergic cytokines including IL-4, IL-6, IL-9, and IL-13 of mast cells in an IgE-independent manner. This pattern was distinct from those provoked by LPS or OVA. The arrays of cytokines produced by mast cells in response to Der f are known to be able to activate and recruit cells that are important for the development of allergic sensitization and inflammation. Ample studies have demonstrated that IL-4 promotes the development of Th2 cells and IgE Ab production (37) . IL-6 directs the differentiation of IL-4-producing CD4 ϩ T cells (38) . IL-9 is a key mediator that determines the susceptibility of asthma (36) . IL-13 can activate eosinophils and B cells, promote IgE production, and promote the induction of airway hyperresponsiveness and mucus hypersecretion (39) . Indeed, we observed that the supernatants of Der f-stimulated mast cells were able to chemoattract monocytes and T cells, as well as up-regulate the expression of B7.1, at least in part mediated by TNF-␣, eotaxin (CCL11), MCP-1 (CCL2), IP-10 (CXCL10), and RANTES (CCL5) of AMs. Both eotaxin and RANTES are known to be important for the migration of eosinophils and activated T cells, and MCP-1 is essential for the Th2 response (40) . Thus, the up-regulation of chemokines of AMs by mast cell products may be an amplification mechanism for the recruitment of cells that are important for the allergic responses.
Th2 cells require a pulse of IL-4 to initiate their proliferation and production of IL-4 and IL-5. Cells of the innate immunity, including NK1.1 T cells, ␥␦ T cells, mast cells, and basophils have been suggested to be the cell type responsible for the production of early IL-4 during a primary immune response (37) . We show here that Der f could trigger a considerable production of IL-4 by mast cells, which in turn was sufficient to promote T cell proliferation and induce the development of Th2 cells. Our data correlate well with the work of Heuls et al. (12) who found that coactivation of naive CD4
ϩ T cells with BMMCs resulted in an IL-4-dependent Th2-like cell development. Collectively, the Der f-induced cytokine production of mast cells may represent an early cellular event in the sensitization process, which can then regulate the development of allergic sensitization and inflammation.
The mechanism by which Der f triggers mast cells to release cytokines can only be speculated upon. Upon IgE receptor-mediated or calcium-ionophore-induced activation, primary mouse BMMCs and permanent mast cell lines produce a panel of different cytokines (8, 35) . Since there was no Der f-specific IgE Ab in either our in vitro system or in naive mice, Fc⑀RI ligation seems not to be involved in providing triggers for the Der f-induced mast cell activation. Der f contains serine protease and elastase, which have been shown to induce a non-IgE-mediated mast cell degranulation (19) . In addition Der f III, a trypsin-like protease, could activate the complement system to produce anaphylatoxins C3a and C5a from human C3 and C5 in vitro, respectively (23) . Thus, Der f might activate mast cells directly or indirectly via the activation of the complement cascade. We have previously shown that Der f induced production of proinflammatory mediators of AMs via lectin and integrin receptors (24) , thus alternatively, Der f might cross-link surface molecules such as Fc⑀RI or C5a receptors on mast cells. Another possible pathway of the Der f activity is that allergenic peptidases from HDMs may activate the G protein-coupled family of cell surface receptors protease-activated receptors (PARs) (41) . PARs are expressed by a variety of cell types including mast cells (42) , eosinophils (43) , and respiratory epithelial cells (44) and can be activated by thrombin as well as mast cell tryptase. An important role for PARs in modulation of inflammation has been demonstrated in a murine model of airway inflammation (45) .
In conclusion, our findings suggest that mast cells might be a source of IL-4 as well as other proallergic cytokines at the onset of allergic sensitization against HDM allergens. The findings also support the concept that the biological activity of HDM allergens on cells of the innate immunity can play a key role in orchestrating allergic responses.
